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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
Component parts made of a commercial two-phase α + β Ti-6Al-4V alloy can be assembled by Nd:YAG pulsed laser beam
welding. Welding processes are known to result in strong heterogeneities, i.e. strength mismatch and residual stresses and are
also accompanied by a great variety of flaws, which is why the failure behavior of welded joints is still difficult to predict. The
present work aims at gaining insights into the mechanical behavior of Ti-6Al-4V welds and also investigates the effect of defects
such as the welding joint/weld root misalignment and pore size distribution. Comprehensive metallurgical analyses in the weld
region are first carried on on the basis of optical, X-ray diffraction and SEM analyses. Then, the overmatch is highlighted from
hardness measurements of a weld cross section. Next, tensile testing of both the base metal and fusion zone are performed. The
tensile specimens are taken along and parallel to a partial penetration weld and also in the base metal. Two different thicknesses
are chosen for weld embedding specimens, respectively 1.5mm and 2.5mm. The latter one embeds the notch coming from
the partial penetration. Tensile tests displayed a slight overmatch, which effect is underlined by digital image correlation on
tra sversal 1.5mm tensile specimens. Nevertheless, high-speed camera data acquisition revealed that such a slight overmatch was
not sufficient to prevent the occurrenc of plasticity wit in the weld in the case of the 2.5mm tensil specimen . It also highlighted
the influence of plasticity on the c ack path, which tends to bifurcate from the hard st to the oftest ar a. Further aspect of the
weld structure and m chanical behavior heterogeneities are finally discussed.
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1. Introduction
Titanium alloys are widely used in the automotive, medical and aerospace industries. They have valuable assets
such as high specific strengths and good corrosion resistance. Amongst them, Ti-6Al-4V is the most regular grade
and will be studied in the following. As received, the base metal – noted BM, is a dual phase alloy. In such an
alloy, a fully equiaxed microstructure is commonly found. The microstructure displays equiaxed primary nodules of
hexagonal close packed αp surrounded by thin layers of cubic centred β. Such a microstructure result from of a specific
thermomechanical processing route (Lutjering et al. 2007).
Such alloys can then be assembled from a variety of welding processes. Amongst them, pulsed laser beam welding
– PLBW – can be used. PLBW consists in focusing intense energies on the welding joint throughout a 2mm beam.
It hence enables the increase of temperature up to the vaporisation point. It is then followed by high cooling rate
under air [(Akman et al. 2008) and (De et al. 2003)]. It then results in a martensitic phase transformation β → α′
[(Lutjering et al. 2007), (Ahmed et al. 1998) and (Robert et al. 2007)]. The fusion zone – FZ – microstructure consists
in fully acicular α′ martensitic needles [(Robert et al. 2007), (Gao et al. 2013) and (Huez et al. 2010)]. Two differents
heat affected zones – HAZ – are found next to the weld (Robert et al. 2007). The first HAZ corresponds to a zone
where the material was heated in a temperature range between the β transus and melting temperatures and then
rapidly cooled. The microstructure next to the fusion line is therefore martensitic. In the second HAZ, the material
was heated below the β transus temperature, which results in an two phase α+βmicrostructure. The latter one bridges
a martensitic microstructure to the base metal.
The risk of failure of such welded joints needs to be better understood. In this work, the mechanical behavior of
such a welded joint is investigated. Specimens were machined from thin welded plates along two directions, which
are parallel and perpendicular to the welded joint. Tensile tests were then performed. Results are then compared to
the mechanical behavior of the base metal. Finally, tests were conducted on partial penetrated welds and the failure
behavior has been observed using high speed camera data acquisition.
2. Materials
In this work, all tensile specimens come from a forged round bar made of Ti-6Al-4V alloy. The base metal presents
an equiaxed α + β microstructure, which is displayed in Fig. 1. It consists of α equiaxed nodules possibly surrounded
by thin β layers. The chemical composition of the round bar is given in Tab. 1. Phase fractions were determined from
X-rays diffraction – XRD. The results are provided in Tab. 2. The crystalline texture of the bar was also determined
from XRD measurements. As shown in Fig. 2, such a bar does not present a sharp texture.
Fig. 1. As received equiaxe microstructure of the base metal
 Benjamin Sarre et al. / Procedia Structural Integrity 2 (2016) 3569–3576 3571
2 Benjamin Sarre et al. / Structural Integrity Procedia 00 (2016) 000–000
1. Introduction
Titanium alloys are widely used in the automotive, medical and aerospace industries. They have valuable assets
such as high specific strengths and good corrosion resistance. Amongst them, Ti-6Al-4V is the most regular grade
and will be studied in the following. As received, the base metal – noted BM, is a dual phase alloy. In such an
alloy, a fully equiaxed microstructure is commonly found. The microstructure displays equiaxed primary nodules of
hexagonal close packed αp surrounded by thin layers of cubic centred β. Such a microstructure result from of a specific
thermomechanical processing route (Lutjering et al. 2007).
Such alloys can then be assembled from a variety of welding processes. Amongst them, pulsed laser beam welding
– PLBW – can be used. PLBW consists in focusing intense energies on the welding joint throughout a 2mm beam.
It hence enables the increase of temperature up to the vaporisation point. It is then followed by high cooling rate
under air [(Akman et al. 2008) and (De et al. 2003)]. It then results in a martensitic phase transformation β → α′
[(Lutjering et al. 2007), (Ahmed et al. 1998) and (Robert et al. 2007)]. The fusion zone – FZ – microstructure consists
in fully acicular α′ martensitic needles [(Robert et al. 2007), (Gao et al. 2013) and (Huez et al. 2010)]. Two differents
heat affected zones – HAZ – are found next to the weld (Robert et al. 2007). The first HAZ corresponds to a zone
where the material was heated in a temperature range between the β transus and melting temperatures and then
rapidly cooled. The microstructure next to the fusion line is therefore martensitic. In the second HAZ, the material
was heated below the β transus temperature, which results in an two phase α+βmicrostructure. The latter one bridges
a martensitic microstructure to the base metal.
The risk of failure of such welded joints needs to be better understood. In this work, the mechanical behavior of
such a welded joint is investigated. Specimens were machined from thin welded plates along two directions, which
are parallel and perpendicular to the welded joint. Tensile tests were then performed. Results are then compared to
the mechanical behavior of the base metal. Finally, tests were conducted on partial penetrated welds and the failure
behavior has been observed using high speed camera data acquisition.
2. Materials
In this work, all tensile specimens come from a forged round bar made of Ti-6Al-4V alloy. The base metal presents
an equiaxed α + β microstructure, which is displayed in Fig. 1. It consists of α equiaxed nodules possibly surrounded
by thin β layers. The chemical composition of the round bar is given in Tab. 1. Phase fractions were determined from
X-rays diffraction – XRD. The results are provided in Tab. 2. The crystalline texture of the bar was also determined
from XRD measurements. As shown in Fig. 2, such a bar does not present a sharp texture.
Fig. 1. As received equiaxe microstructure of the base metal
Benjamin Sarre et al. / Structural Integrity Procedia 00 (2016) 000–000 3
Table 1. Chemical composition of the Ti-6Al-4V
Elements Ti Al V O H N C Fe
wt(%) Base 6.42 4.02 0.19 3.10−3 5.510−3 0.06 0.15
Table 2. Phase fractions of the fully equiaxed microstructure
α phase β phase
Mass phase fractions (%) 89 11
Fig. 2. Poles figures of the base metal
Fig. 3. Microstructure of the welded joint, a) Optical micrograph of the welded joint, b) Optical micrograph of the HAZ (α + α′ + β), c) SEM
micrograph of the FZ with prior β grain, d) SEM micrograph of the inside of prior β grain
SEM images were acquired with a Cambridge conventional tungsten filament device. Optical micrographs of the
welded joint are presented in Fig. 3. Due to the martensitic transformation, the fusion zone has an acicular microstruc-
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ture. It consists of arrays thin needles α′ (average 0.8 to 1.5 µm), which formed in prior β grains (on average 400
µm). Phase fractions have been determined in the fusion zone, using XRD, (Robert et al. 2007). It resulted that only
α′ phase was found therein.
3. Experimental results
3.1. Microhardness
Microhardness profiles were then performed on a cross section of the welded joint. It appears that the
FZ, with acicular microstructure, has a higher microhardness value than the BM. For [(Robert et al. 2007) and
(Lutjering et al. 2007)], this is due to the thin acicular microstructure. A similar result was found by (Gao et al. 2013).
Microhardness profiles do not allow to distinguish the two HAZs. A microhardness gradient was just observed in Fig.
4, which values are reported in Tab. 3.
Fig. 4. Microhardness distribution on the cross-section of a welded joint
Table 3. Microhardness values throughout the three zones of PLBW welded joints.
base metal heat affected zone fusion zone
Microhardness HV0.1 319 ±16 360 ±30 390 ±15
3.2. Tensile mechanical behavior
The mechanical behavior of the base metal and the welded joint was then analysed. Thin plates were machined from
the round bar. Then plates were welded together using pulsed laser beam welding. Finally, specimens were machined
from those plates. Specimens geometry are presented in Fig. 5. Tensile tests were then conducted on an electromechan-
ical Zwick/Roell 10kN and 100kN testing machine. The deformation was measured with a MTS microextensometer
(initial length is 5mm). Digital image correlation was used with Aramis software was used (Wojtaszek et al. 2013).
Fig. 6 shows the tensile test result of the welded joint. Mechanical properties are given in Tab. 4. The fusion zone
exhibits the hightest yield and ultimate stress due to the formation of the martensite α′, that confirms the microhardness
results given in Fig. 4. However, the base metal presents the hightest elongation to rupture. This value should be
carefully compared because the specimens have different geometry. Furthermore, microextensometer, used in this
study, has an initial length of 5mm. Sometimes, fracture occurred outside the extensometer. This is the case for
transversal tensile tests. For this reason, digital image correlation was used, see Fig. 7.
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Fig. 5. Localization and geometries of mechanical test specimens, a) 3D view of the specimens, b) Specimen geometry, transversal welded structure
–TWS– and base metal specimen –BMS–, c) Specimen geometry longitudinal welded structure –LWS–
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Fig. 6. Stress - strain curves for longitudinal specimen –LWS, transversal specimen –TWS– and base metal –BMS–
Digital image correlation is used to calculate strain field during mechanical testing. As shown in Fig. 7, the strain
is localized in the BM. Fig. 7 illustrates the strain distribution throughout the specimen. It appears that the strain level
in the FZ is much more lower than in the BM. Similar observations were done by (Gao et al. 2013).
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Table 4. Mechanical properties of welded joint and base metal
E (GPa) Rp0.2(MPa) Rm (MPa) A%
Welded joint 118 ±7 945 ±19 1191 ±19 8 ±7
Base Metal 115 ±5 862 ±13 1094 ±19 15 ±5
Fig. 7. Strain field calculated by Digital image correlation for four steps of deformation, a)  = 1%, b)  = 5%, c)  = 10%, d)  = 13%, e)  = 15%
3.3. Failure analysis
Fracture surfaces were analysed by SEM. Both base metal specimens and transversal welded specimens present
evidences of ductile fracture with dimples. As shown in Fig. 8, longitudinal welded specimens exhibited pores. All
longitudinal welded specimens have an elongation to rupture lower than 8%, presented pore size greater than 100 µm.
Those defects were introduced during welding process. The mechanisms of formation of such pores is explained in
[(Bruyere et al. 2014) and (Zhou et al. 2007)]. Thus, specimens that have a high elongation to rupture present only
small pores. The population of defects was determined, for 13 thin welded plates, by radiographic analysis, results
can be found in Fig. 8. The average pore size is about 100 µm.
Finally, tests were performed on a welded structure with partial penetration. As it can be seen in Fig. 3 a) a notch
still remains at the bottom of the fusion zone. In order to understand the crack path, fast speed camera was used in
Fig. 9. The mechanical test was filmed at 36 000 images per second.
Fracture occurred at approximately 2.10−4s. As shown in Fig. 9, the main crack propagates throughout the heat
affected zone and in the base metal. This specific crack path is attributed to the mismatch effect [(Kocak et al. 1998),
(Kim et al. 1998) and (Ohata et al. 1996)]. (Kim et al. 1998) studied the influence of the notch position on the crack
deviation, by three points bending tests. It was found that the crack deviated into the softest material, in their case for
pure titanium. Here, the material is the same on both side. However, the fusion zone shows a higher yield stress than
the heat affected zone and the base metal. Thus according to [(Kim et al. 1998) and (Kocak et al. 1998)], the main
crack bifurcates into the heat affected zone. The fracture surface was observed by SEM in Fig. 10. (Paris et al. 2008),
found similar results on heterogeneous welds made of tantalum/Ti-6Al-4V.
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Fig. 8. Fracture surfaces of two specimens –LWS– (width of image a) and b) is equal to 1.71 mm), a) large size pore can be seen, b) only small
pores were observed, c) fractions distribution function of the pore size
Fig. 9. Mechanical behavior of the welded structure, a) plastic deformation at the notch tip, b) crack growth both in the fusion zone and in the heat
affected zone, c) main crack propagates in the base metal, d) secondary cracks can be seen in the fusion zone
Two zones were found, see Fig. 10. The first one corresponds to the bottom of the fusion zone. Significant pores
were observed. Crack bifurcation occurred at the end of the first zone. Then the crack grows through the HAZ/BM. It
appears that the second zone presents only ductile fracture with dimples.
4. Conclusions
First, investigations the microstructure of the base metal and the welded joint was characterized. Secondly, mechan-
ical testing of the welded joints made by pulsed laser beam welding was carried out. Major points are summarized
below:
• as expected pulsed laser beam welding induced a martensitic phase transformation β → α′. The microstruc-
ture was fully acicular α′ in the fusion zone, as received, the base metal exhibited an fully equiaxed α + β
microstructure,
• pore size distribution was shown to strongly affect the elongation to rupture,
• a slight overmatch was found. Consequently, strain localized in the base metal on transversal welded specimens.
Crack was found to bifurcate in the fusion zone. Some plastic deformation is also reported in the fusion zone.
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Fig. 10. Fracture surface of the welded structure, a) Macroscopic view of the fracture surface, b) Image of the first zone, pores can be seen, c)
Second zone dimples were only seen
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